ABSTRACT Commercial non-Bacillus thuringiensis (Bt) corn was planted adjacent to Bt corn to determine the effects of Bt corn pollen falling on non-Bt plants for control of European corn borer larvae, Ostrinia nubilalis (Hü bner). Field plots in Iowa and Kansas consisted of two center rows of Bt corn with eight rows of adjacent non-Bt corn on each side. In mid-September 1996 and 1997, we counted European corn borer larvae and larval tunnels in the stalk and ear shank. There were no signiÞcant differences in European corn borer numbers across non-Bt rows and the slope of the regression line was not signiÞcantly different from zero. In a single plot in Iowa, however, fewer tunnels were observed in rows of corn that were closer to Bt corn. This site was isolated from natural infestations and probably does not reßect a typical Þeld situation. Our results suggest that Bt pollen has minimal or no control of European corn borer larvae in adjacent rows of non-Bt corn under natural conditions. Bt pollen drifting onto adjacent non-Bt plants should not increase the risks related to resistance management.
TRANSGENIC Bacillus thuringiensis (Bt) corn, Zea mays L., has provided unprecedented control of European corn borer, Ostrinia nubilalis (Hü bner), without further inputs of less environmentally friendly insecticides (Caprio et al. 1998) . Transgenic corn hybrids contain a protein-producing gene, derived from Bacillus thuringiensis (Berliner) , that is toxic to certain insects upon larval ingestion (Koziel et al. 1993; Jansens et al. 1997) . Several agricultural companies are marketing transgenic corn (Bt corn) hybrids that differ in the cry gene, promoter, or marker components (Ostlie et al. 1997 ). These differences in gene modiÞcation allow for highly variable levels of protein expression in several different tissues including the pollen, leaf, stalk, kernel, husk, and silk tissues of a corn plant (Koziel et al. 1993) . Pollen that expresses the Bt protein, in particular, is subject to controversy as to whether expression in this tissue provides beneÞts for European corn borer control. In addition, there is concern that Bt pollen drifting onto non-Bt corn may increase the risk of European corn borers developing resistance.
Pollen and pollen dispersal has been studied by plant breeders trying to determine isolation distances for seed production, and by plant population biologists investigating the genetic structure of plant populations (Jones and Newell 1948 , Hodgson 1949 , Raynor et al. 1972 , Conner and Dale 1996 . Raynor et al.(1972) studied movement of corn pollen and found that concentrations of pollen averaged Ϸ30% at 8 m from the source when compared with concentrations at 1 m from the source. At 60 m, corn pollen concentrations were 1% of those at 1 m from the source.
Transgenic corn pollen has come under more scrutiny recently because of its potential impact on nontarget organisms (Losey et al. 1999 ). Rogers and Parkes (1995) and Timmons et al. (1996) cautioned that transgenes might escape from transgenic crops to wild populations through hybridization and thus create new weeds. Pilcher et al. (1997) ) and determined that there was no effect on preimaginal development or survival. With regard to European corn borer, Guthrie et al. (1969) determined that corn pollen contributes to the survival of young larval stages. No published research, however, has addressed the possible beneÞts that Bt corn pollen might provide in controlling European corn borer larvae.
If Bt corn pollen causes signiÞcant mortality of European corn borer larvae in adjacent rows of non-Bt corn, economic advantages may be possible. However, this mortality in adjacent rows and its potential to cause selection for resistance to Bt may be detrimental to a successful resistance management program. Re-sistance management strategies are currently based on two fundamental components: a high-dose approach and proper use of a refuge (McGaughey et al. 1998 ). Having little control over the dose of Bt protein expression levels in the plant, most public research is primarily focused on incorporating a refuge by developing farming strategies that are practical and that favor the extended use of these products. Farmers need resistance management strategies that are simple to deploy, compatible with crop production and farming practices, and sufÞciently robust so they can withstand modiÞcation without losing effectiveness (Kennedy and Whalon 1995) .
The main objective of the refuge strategy is to ensure that any resistant moth that may survive Bt corn would have a high probability of mating with a susceptible moth that developed in a non-Bt corn refuge (McGaughey and Whalon 1992) . Refuge deployment can occur under one of several recommended strategies including the following: (1) growing Bt corn as a block in each Þeld with a block of non-Bt corn, (2) growing Bt and non-Bt corn as large strips through a Þeld, (3) growing the non-Bt corn refuge as Þeld edges around an entire Þeld of Bt corn, (4) growing non-Bt corn in an immediately adjacent Þeld to Bt corn, or (5) alternating rows of Bt and non-Bt corn across an entire Þeld (Ostlie et al. 1997) . With these recommendations come concerns because our knowledge is limited. InsufÞcient information on European corn borer behavior and movement may lead to less effective or inappropriate resistance management strategies (McGaughey et al. 1998 ). Onstad and Gould (1998) suggest that planting two-row strips may be as good as any refuge recommendation in delaying insect resistance. But Gould (1994) stresses the importance of maintaining an "uncontaminated" refuge. Using a mixture of Bt and non-Bt corn seed has already been ruled out as an option because of selection problems associated with larval movement among plants (Mallet and Porter 1992) . If Bt corn pollen is toxic to European corn borer neonates when it occurs on non-Bt corn, then the non-Bt corn could be considered a contaminated refuge.
The objective of this study was to measure the potential effects of pollen drift from Bt corn to adjacent rows of non-Bt corn on European corn borer larvae. If Bt pollen has toxic effects on larvae for an undetermined distance away from Bt corn, then the non-Bt refuge may need to be a signiÞcant distance from Bt corn, which would negate the utility of planting alternating rows as a strategy. In addition, mortality due to Bt pollen contamination may affect Þeld design for small-plot research.
Materials and Methods
Experiments were conducted at three research sites in Iowa and Kansas. One Iowa site was Boone County (13 km west of Ames) and the second was Story County (an isolated Þeld, 2 km to nearest cornÞeld, in Ames). The Kansas site was in Riley County (19 km south of Manhattan). In 1996, Þelds were planted at all three locations using the following design: two rows of Bt corn (NK 6800Bt, Cry1Ab, event Bt11) bordered on either side by eight rows of non-Bt (NK 6800, a near isogenic non-Bt hybrid) corn. Each plot consisted of 18 rows of corn, two Bt and 16 non-Bt. At each of the three locations, plots were 91 m long with 0.76 m (30 in) rows and were replicated four times. All plots were planted with a seed rate of 10,300 seed/ha (26,100 seeds/acre). In both Iowa locations, rows of corn were oriented along a northÐsouth transect. The Kansas location was laid out along an eastÐwest transect.
In 1997, three Þeld sites were planted in Iowa alone (excluding Kansas) using the same plot design and methods. Different Bt corn hybrids were used in Boone County: one site was planted with N7333Bt (Cry1Ab, event Bt11) and N7333 (a near isogenic non-Bt hybrid), and the other site planted with MAX454 (Cry1Ab, event 176) and 4494 (a near isogenic non-Bt hybrid). The isolated Story County plots were planted with N7333Bt and N7333. Different Bt hybrids were used because they represent different genetic events with possibly different levels of Bt protein expression in the pollen (EPA 1995 (EPA , 1996 (EPA , 1998 . The active B. thuringiensis ␦-endotoxin in event Bt11 is expressed throughout the corn plant but is concentrated in the leaves with a range of 10Ϫ165 ng Bt protein/mg total plant protein (EPA 1998) . In event 176, the ␦-endotoxin is expressed at the highest levels at 7.1 g Bt protein/mg fresh weight in the pollen (EPA 1995) .
In 1996, Boone County plots had a natural infestation of 1.5 egg masses per plant on 5 August during the early reproductive stage of development (R1). Story County plots were artiÞcially infested with 50 neonates per plant on 13 August (R2) because these plots had a much lower natural population, around 0.05 egg masses per plant. The Kansas plots were provided with Ϸ125 neonates per plant on 13 July; the natural population averaged four European corn borer egg masses per plant on this date. Plants were again infested with 25 neonate larvae on both 15 and 19 July. Temperatures near the test plot reached 42ЊC (108ЊF) on 19 July and plants were stressed, therefore neonate survival may have been very poor. In 1997, Boone County plots were subject to similar European corn borer pressure as they were in 1996. The plots in Story County also had high second-generation pressure; in addition, we artiÞcially infested these plots with 50 neonates per plant during the R1 stage of plant development.
In mid-September 1996, at both Iowa locations, 10 plants per row per replication were split to count the number of larval tunnels per plant. The number of European corn borer larvae per ear was also counted on the same plants. In late August 1996, at the Kansas location, Þve plants per row per replication were split to count the number of tunnels and the number of larvae per plant. In 1997, Þve plants per row per plant were sampled for the number of tunnels and larvae at all Þeld sites in late September and early October. Direction of the rows of non-Bt corn away from the Bt corn was considered and subjected to mean comparisons (SAS Institute 1995).
Each row of non-Bt corn was considered a separate treatment. All rows were subjected to analysis of variance to determine differences in the number of European corn borer tunnels and larvae among treatments. Regression analyses were conducted to determine the relationship between row number (treatment) and quantity of insect tunnels or larval numbers. A t-test was used to determine whether the slope of the regression line (across treatments) was signiÞcantly different from zero (Little and Hills 1978) .
Results and Discussion
The Story County location was Ϸ3 miles from the nearest cornÞeld. Natural European corn borer populations ranged from no egg masses in 1996 to Ϸ1.5 egg masses per plant in 1997. ArtiÞcial infestation was used both years at the Story County location and in 1996 at the Kansas location.
Few differences were observed when the cardinal direction of the rows of non-Bt corn from the Bt rows was considered. The only signiÞcant directional difference occurred at the 1997 Story County location where non-Bt rows on the west side of the Bt rows averaged 14.6 tunnels per 10 plants compared with 8.7 tunnels per 10 plants on the east side of the Bt rows (t ϭ 4.2, df ϭ 62, P Ͻ 0.0001). The data from each side were combined for each individual study; row 1 from one direction was combined with row 1 going in the opposite direction from the rows of Bt corn.
There were no signiÞcant differences in the number of tunnels per subset of plants in a row at all Boone County, IA, and Riley County, KS, locations either year (Fig. 1A, C, D, F) . Regression analyses conÞrm no row effects. At the Story County location in 1996, however, there was a signiÞcant difference among rows (F ϭ 4.65; df ϭ 7, 21; P ϭ 0.0028). In addition, the slope of the line (regression coefÞcient) was signiÞ-cantly different from zero (t ϭ 4.40, df ϭ 62, P Ͻ 0.0001) (Fig. 1B) . Trends were similar in 1997 with a high r 2 value of 0.59 (F ϭ 9.21; df ϭ 1, 21; P Ͻ 0.0001) (Fig. 1E ), but the difference among rows was not signiÞcant (F ϭ 2.21; df ϭ 7, 21; P ϭ 0.075).
The number of larvae per set of plants was also recorded. No signiÞcant differences were observed among rows at all locations during both years (Fig. 2) . It is possible that larval migration occurred from the outer non-Bt rows to rows closer to Bt corn, which may explain the difference in tunnel numbers at the Story County 1996 location. There may have been a short period during pollen shed in which the Bt corn pollen was causing mortality on those rows nearest to the Bt corn, and then larval migration prevented differences in numbers. We did not test this possibility. The difference between 1996 and 1997 was that a high natural European corn borer population occurred in 1997 at the Story County location. Guthrie et al. (1969) concluded that survival of neonate European corn borer larvae increases with the presence of pollen. This conclusion is based on a signiÞcant increase in the number of European corn borer cavities (tunnels) per plant on plants with pollen compared with plants without pollen. In our study, the amount of pollen on plants within each row is assumed to be equal; in addition, the ratio of Bt pollen to non-Bt pollen is assumed to decrease as the row distance from the Bt rows increases. Past pollen-dispersal studies indicate that at Ϸ8.0 m from a Þeld edge, the pollen concentration at 1.5 m in height is only 30% of the concentration 1.0 m from the Þeld border (Raynor et al. 1972) . These numbers do not reßect in-Þeld, row-to-row concentrations; however, plant breeders typically use a 1:4 male to female ratio in row number for seed corn production. Therefore, enough pollen for cross-pollination must be present up to a distance of four rows (30-inch row spacing) from the male row.
If the pollen-shed period is having some activity, it is being masked by the extended oviposition period that is observed with the second-generation European corn borer moth ßight. Once the appearance of the inßorescence is initiated, pollen shed extends for a period of 7Ϫ14 d (Ritchie et al. 1986 ). The European corn borer ßight extends for a period of at least 18 Ð30 d, depending on geographic region (Mason et al. 1996) . Transgenic Bt pollen deposit on leaves or in the collar-sheath area acts similar to a Bt granular insecticide, and therefore the two could be compared with some degree. Climatic factors affect the performance of Bt granules with UV light and water accumulation breaking down the protein (Lynch et al. 1980) . With climatic conditions potentially affecting Bt pollen activity in addition to the short window of pollen shed in relation to the European corn borer ßight, we conclude that Bt corn pollen has minimal impact on European corn borer survival.
When farmers who planted Bt corn were asked in a recent survey what resistance management strategies they preferred, 11.5% (n ϭ 3,250) wanted to split the seed boxes on the planter to plant alternating rows of Bt and non-Bt corn in every Þeld (C.D.P. and M.E.R., unpublished data). Additionally, some farmers expressed a desire to plant alternating rows of Bt and non-Bt corn across a Þeld with the idea of Bt corn pollen drifting onto the non-Bt rows and controlling second-generation European corn borer larvae during the reproductive stages of corn development.
Alternating Bt corn with non-Bt corn, as suggested by Ostlie et al. (1997) and Onstad and Gould (1998) , could be a viable alternative for resistance management given the little impact that is observed on European corn borer survival. Onstad and Guse (1999) also suggested that non-Bt corn could be planted as strips (at least six rows per strip) within a Þeld and be effective at delaying resistance and providing economic returns at the 20% refuge level. Quantifying the interface between Bt and non-Bt corn does not appear to be a major consideration in developing an insect resistance management program because our data suggest that little selection pressure will take place against European corn borer in adjacent rows of non-Bt corn. In addition, farmers will likely receive little European corn borer control from Bt corn pollen on neighboring non-Bt corn plants, especially under higher European corn borer populations.
